ABSTRACT
INTRODUCTION
Over the last few years there has been a sharp increase in the number of mouse lines with GCaMP 48 expression throughout much of neocortex (Hasan et al., 2004; Chen et al., 2012; Zariwala et al., 2012;  49 Madisen et al. 2015; Wekselblatt et al., 2016; Bethge et al., 2017; Daigle et al., 2018) , offering the 50 opportunity to image cortical activity with high signal-to-noise and genetically-targeted expression. As a 51 result, there has been a resurgence in the use of widefield fluorescence calcium imaging to monitor brain 52 dynamics in vivo, especially in the context of mouse behavior (Wekselblatt et al., 2016; Makino et al., 53 2017; Allen et al., 2017 , Mitra et al., 2018 . Widefield imaging offers a large field of view (>10 mm), 54 enabling simultaneous imaging of almost all of neocortex, can be performed through intact skull (White et 55 al., 2011 , Silasi et al., 2016 , eliminating invasive craniotomies, and, compared to laser scanning 56 techniques, widefield imaging can achieve a faster sampling rate and is relatively simple and inexpensive 57 to implement.
58
Widefield imaging also presents some challenges. It lacks the optical sectioning of confocal and 59 multiphoton microscopes, with the result that fluorescence is typically an average across cells and cellular Grinvald, 1996; Berwick et al., 2005; Sirotin et al., 2009; Ma et al., 2016b) . Second, we observed large 111 amplitude (>10%) fluctuations that were restricted mainly to the midline vasculature (figure 1B), and 112 typically included fast transient spikes in fluorescence, sometimes in bouts lasting 1-10 seconds. These 113 fluctuations may result from changes in venous blood volume along the superior sagittal sinus that relates 114 to movements or postural changes (Huo et al., 2015 , Gilad et al., 2018 . Finally, we observed low 
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Absorption can be measured using backscatter (figure 2A). Hemoglobin absorption extends over a broad 126 spectrum that includes wavelengths beyond the excitation and emission bands of GFP and GCaMP, 127 enabling the measurement of hemoglobin concentrations using wavelengths different from those used for 128 fluorescence (figure 2B). Furthermore, oxy-and deoxyhemoglobin absorption spectra differ substantially 129 across the visible spectrum (figure 2B), enabling one to distinguish changes in the concentrations of oxy-The Beer-Lambert law has often been employed to estimate light absorption by oxy-and 138 deoxyhemoglobin and thereby separate hemodynamics from changes in indicator fluorescence (Bouchard 139 et al., 2009; White et al., 2011; Ma et al., 2016a) . The Beer-Lambert law relates absorption of light to the 140 concentration of the absorbing species and can be used to calculate hemodynamic effects across the brain 
148
We calculated and removed the changes in fluorescence resulting from absorption by oxy-and 149 deoxyhemoglobin, as described previously (Ma et al., 2016a) , and quantified the remaining variance.
150
Quantifying performance in a GCaMP mouse is challenging since hemodynamics and changes in 151 indicator fluorescence can each drive changes in measured fluorescence. Consequently, we quantified the 152 performance of hemodynamic correction strategies in GFP-expressing Ai140 mice (Daigle et al., 2019) 153 crossed with 3 Cre lines, driving GFP expression enriched in different cortical layers: Cux2-Cre (layer 154 2/3), Rorb-Cre (layer 4), and Ntsr1-Cre (layer 6, figure 3C ). In these three lines, GFP fluorescence 155 accounts for ~95% of the photons emitted from the preparation (Cux2-Cre 97.9 %, Rorb-Cre 93.7 %,
156
Ntsr1-Cre 94.4 %, figure S1) thus we expect nearly all changes in fluorescence to result from (figure 3D). However, remaining variance differed substantially with location. Normalized remaining 167 variance was generally <0.1 in the center of each hemisphere, over anterior visual cortex and across much 168 of somatosensory cortex ( figure 3A) . Performance of the correction declined towards the edges of the 169 image, over large vessels and along the midline, where remaining variance was commonly >0.3. In these 170 areas, it is likely that movement-or posture-related hemodynamic transients remained largely 171 uncorrected, leaving fluorescence from midline cortical regions contaminated with hemodynamic effects.
172
One common simplification of the Beer-Lambert model is to choose a single extinction coefficient and 173 path length for each wavelength band (rather than integrating over the spectrum of wavelengths; see 174 appendix). When applied to our data, using the extinction coefficients and path lengths of the mean of 
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We begin by establishing that, in principle, linear regression with two variables can account for 195 hemodynamics independently for each pixel. Measured fluorescence, ( , , ), can be related to two 196 backscatter intensities, I 1 (x, y, t) and I 2 (x, y, t), using two assumptions: that the absorbance at each 197 wavelength depends only on two hidden fluctuating variables, C HbO (x, y, t) and C HbR (x, y, t),
198
representing the molar concentrations of oxy-and deoxy-hemoglobin, respectively; and that the absorbance on the fluorescence channel is multiplicative with the true fluorescence, F(x, y, t) (the 200 fluorescence that would be evoked in the absence of absorption by hemoglobin). Hence, I F (x, y, t) = F(x, y, t)T (C HbO (x, y, t), C HbR (x, y, t))I F (ex) (x, y),
202
I 1 (x, y, t) = T 1 (C HbO (x, y, t), C HbR (x, y, t))I 1 (ex) (x, y),
I 2 (x, y, t) = T 2 (C HbO (x, y, t), C HbR (x, y, t))I 2 (ex) (x, y),
where 207
208
F(x, y, t) = F ̅ (x. y) + ΔF(x, y, t),
209
C Hb⋆ (x, y, t) = C ̅ Hb⋆ (x, y) + ΔC Hb⋆ (x, y, t),
210
In our results, the amplitude of the fluorescence signal is large relative to its dynamic range. Under these 
226 227 f(x, y, t) is expected to approximate ΔF(x, y, t)/F ̅ (x, y), so that for GFP mice f ≪ ΔI F /I ̅ F ≈ 0. Hence, (table S1) 289 that best predicted the regression coefficients. We tested the performance of the Spatial Model in 2 stages.
290
First, we trained and tested spatial weights from the same GFP mouse to reveal the performance limit of (Malonek and Grinvald, 1996; Berwick et al., 2005; Hillman et al., 2007 , Devor et al., 2012 , leveraging 324 research on tissue absorbance spectra (Takatani and Graham, 1979; Wray et al., 1988) , endogenous 325 fluorophores (Zipfel et al., 2003) , and models of scattering in tissue (Kohl et al., 2000) . 
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The performance of single-wavelength regression was similar in some respects to that of the Beer- 
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Crosses were made between animals hemizygous for ai140 or ai148, and animals that were either hemi or 397 homozygous for Cre. We refer to these crosses using abbreviations: Cux2-Ai140, Rorb-Ai140, Ntsr1-
398
Ai140, Cux2-Ai148, Rorb-Ai148, Ntsr1-Ai148.
399
For Cux2-CreERT2 animals, tamoxifen was administered via oral gavage (50 mg/ml in corn oil) at 0.2 400 mg/g body weight for 3-5 days. Mice were used for experiments a minimum of two weeks following 401 induction.
402
Wide-field imaging was performed on 7-30 week-old male and female mice through the intact skull 403 using a modification of the method of Silasi et al. (2016) . Under isoflurane anesthesia, the skull was 
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Mapping cortical mesoscopic networks of single spiking cortical or sub-cortical neurons. eLife. 
796 where ( ( )) is the round-trip transmittance, and is the corresponding source intensity.
797
The transmittance factors, μ ( ( )), where μ ∈ { , , }. can be written as
799
where μ contains any geometric factors for the corresponding process, μ ( | ) is the distribution 800 over optical path lengths for a given wavelength, , and μ ( ) is the distribution over wavelengths for the 801 process, including source spectra, filters, and fluorophore excitation/emission spectra, as required. While 802 traveling along a given path, the light is subject to absorption by hemoglobin, in accordance with the 803
Beer-Lambert Law. This is described by the exponential factor in equation 3, which contains the path- 
811
To linearize equations (1) and (2), we first express the intensities as a mean value plus deviation, ( ) =
814
815
The transmittances can be expanded to first-order in terms of the hemoglobin fluctuations as
817
Inserting this expansion into equations (4) and (5), and equating the zeroth order terms with respect to 818 the fluctuations gives the mean intensities
820
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Similarly, equating first-order terms, and dividing by the mean gives 822
824 with 825
826
where again μ ∈ { , , } and ν ∈ {HbO, HbR}.
827
The spectral distributions for the light-sources for the fluorescence indicators and for the camera 
845
Extending this formalism to the entire image, we arrive at the final formula 846
847
The coefficients, 1 and 2 , generalize to maps, 1 ( , ) and 2 ( , ), because the mean hemoglobin 
889
We apply this to our experimental setup by computing the wavelength integrals in (11) numerically, 890 using directly measured spectra for the two back-scatter channels, combined with manufacturers spectra 891 for our GFP filter, and GFP fluorophore spectra from (http://www.tsienlab.ucsd.edu/Documents.htm). We 892 also use extinction coefficient data from (http://omlc.ogi.edu/spectra/hemoglobin/summary.html), and 893 estimated path-lengths from (Ma et al., 2016a) . This leads to the coefficients (S1=1.176, S2=-0.434) which 
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The remaining 6 maps are blood-vessel maps computed for length scales of 1, 2, 4, 8, 16, and 32 pixels, 922 respectively (Laplacian maps, figure S4 ).
923
We include in our training datasets only those pixels whose fractional variance explained (FVE) is 924 above a chosen threshold of 75%. This is because a low FVE was found to reflect pixels whose initial 925 variance is very low, roughly the same as that obtained on high FVE pixels after demixing, so that the 926 model is fitting noise rather than signal on those pixels.
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We constructed three types of Spatial Models: (1) standard Spatial Models, (2) cross-validated Spatial 
